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Temperature- and pressure-dependent study
of 35Cl NQR frequency and spin lattice
relaxation time in 2,3-dichloroanisole
L. Ramu,a∗ K. P. Ramesh,b D. Ramanandac and R. Chandramanid
The temperature and pressure dependence of 35Cl NQR frequency and spin lattice relaxation time (T1) were investigated
in 2,3-dichloroanisole. Two NQR signals were observed throughout the temperature and pressure range studied. T1 were
measured in the temperature range from 77 to 300 K and from atmospheric pressure to 5 kbar. Relaxationwas found to be due
to the torsional motion of the molecule and also reorientation of motion of the CH3 group. T1 versus temperature data were
analyzed on the basis of Woessner and Gutowsky model, and the activation energy for the reorientation of the CH3 group was
estimated. The temperature dependence of the average torsional lifetimes of the molecules and the transition probabilities
were also obtained.
NQR frequency showsanonlinearbehaviorwithpressure, indicatingbothdynamicandstatic effectsofpressure. Thepressure
coefficients were observed to be positive for both the lines. A thermodynamic analysis of the data was carried out to determine
the constant volume temperature coefficients of the NQR frequency. The variation of spin lattice time with pressure was very
small, showing that the relaxation is mainly due to the torsional motions of the molecules. Copyright c© 2010 John Wiley &
Sons, Ltd.
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Introduction
Study of the temperature and pressure dependence of NQR
frequency is useful in obtaining information about the torsional
motions of the molecules and any phase transitions that may be
present. The application of high pressure on solids brings about
changes in their physical and chemical properties, which can be
studied by NQR. In this study, we have studied the temperature and
pressure dependence of NQR frequency and spin lattice relaxation
time in 2,3-dichloroanisole.
Chloroanisoles are benzene ring molecules having a methoxy
group attached to carbon. In contrast to chloroanisoles, chlorophe-
nols have the hydroxyl group attached to carbon in the benzene
ring. Bayleet al.[1] and Chandramaniet al.[2] studied inter- and intra-
molecular hydrogen bonding in chlorophenols. Earlier studies[3,4]
have shown that the chloroanisole do not exhibit intra- and inter-
molecular hydrogen bonding. The present investigation is to study
the effect of reorientation of nonresonant group and also to see
how pressure would affect the NQR frequencies and spin lattice
relaxation in 2,3-dichloroanisole.
Earlier Work
Rukmaniet al.[3] reported the NQR frequency in 2,3-dichloroanisole
in the temperature range from 77 K to room temperature.
They evaluated torsional frequencies from NQR frequency versus
temperature data using a two-mode approximation. On the basis
of additive model, Rukmani[3] assigned the observed resonance
lines to the two chlorines in the same molecule (low frequency
line to 3-chlorine and high frequency line to 2-chlorine). In this
study, we have measured NQR frequency and spin lattice time in
2,3-dichloroanisole as a function of temperature and pressure.
Experiment
2,3-Dichloroanisole procured from Aldrich Chemical Company
was closely packed into a glass ampoule of 10 mm diameter,
which is evacuated and sealed. A homemade pulsed NQR
spectrometer working in the frequency range from 20 to 40 MHz
and temperature range from 77 to 300 K was used for all
measurements. Inversion recovery pulse sequence (π –τ –π/2) was
used for NQR frequency and spin lattice relaxation measurements.
The width of the π pulse is 30 µs and that of π/2 pulse is 60 µs. The
delay (τ ) between the pulses was varied from 100 µs to 500 ms.
NQR frequency was directly read from the HP signal generator
model 8647A tuned to exact FID and hence, the measurement
is accurate up to ±0.0005 MHz because of high resolution of
the signal generator, and T1 is measured with an accuracy of
±0.5% using a laboratory-made gas flow cryostat from 77 to
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300 K. The temperature of the sample was measured with a pt-100
temperature sensor with an accuracy of ±0.5 K.
High pressure experiments were carried out in a cell made of EN
24 alloy steel with a cylinder-piston and lock-nut arrangement. The
apparatus used is very similar to the one described by Jayaraman
et al.[5] A tank coil of about 7 mm inner diameter and having eight
turns of 18 SWG enameled copper wire with sample is suspended
inside a cylindrical Teflon cell (wall thickness 2 mm and of height
40 mm). The remaining space in the Teflon cell is filled with glycerol
which serves as a pressure transmitting medium.
Two 30 SWG enameled copper wires are soldered to the ends
of the tank coil kept inside the Teflon cell and two more leads
are soldered to a pt-100 temperature sensor. The four leads
are passed through the tiny holes carefully made at the center
of the cap of the Teflon cell. The four leads are then passed
through a multibore ceramic tube of outer diameter 2 mm. A
disc of pyrophyllite (aluminum silicate) of 4 mm thickness and
an EN 24 steel cylindrical plug of 10 mm, each having a central
hole of diameter slightly greater than 2 mm – to give minimum
clearance for the ceramic tube to pass through the end of outer
diameter 21.95 mm – so that the entire assembly fits tightly into
the cylindrical bore of the pressure cell, are fabricated. After
introducing the ceramic tube inside the assembly consisting of
the pyrophyllite disc and the steel plug, the clearance between the
ceramic tube and the inner surfaces of the assembly is filled with
araldite and kept for 24 h to dry. The two leads that are coming
out of the assembly are connected to the probe circuit of the
pulsed NQR spectrometer and the other two leads for temperature
measurement. The frequency values obtained in this study are in
good agreement with those reported in the literature.[3]
Temperature dependence of spin lattice relaxation time
The first theoretical model to explain the temperature dependence
of T1 has been proposed by Bayer.[6] Later, Woessner and
Gutowsky[7] have modified the Bayer’s theory by defining an
average lifetime for all the torsional states and obtained transition
probabilities W1 and W2 for the m = ±1 and m = ±2
transitions.
For nuclei of spin I = 3/2 undergoing quadrupole relaxation, it
is possible to define a single-spin lattice relaxation time T1 given
by
1
T1
= 2(W1 + W2) (1)
Woessner and Gutowsky considered the nucleus to be a part of
the molecule, which exists in discrete torsional oscillator levels,
the amplitudes and phases of the oscillations fluctuate because
of transitions among the torsional levels, which are caused by the
interaction of the torsional oscillations with the other degrees of
freedom.
According to Woessner and Gutowsky, theory W1 and W2 can
be written as W1 = A1/τa and W2 = A2/τa. Combining these two
equations with Eqn (1), they have obtained a quadratic equation
of the form
A2τ
2
a −
τa
2T1
+ A1 = 0 (2)
A1 and A2 are evaluated at each temperature using the torsional
frequency ωt (obtained from the Bayer’s theory or the low
frequency Raman spectra), the corresponding moment of inertia
(I) and the NQR frequency at that temperature. The measured
values of T1 is used in Eqn (2) along with A1 and A2 to obtain the
mean life time (τa) at various temperatures.
The general temperature dependence obtained for the NQR
relaxation rate in molecular solids can be expressed as
T1
−1 = aTn (3)
with n = 2 (only when torsional oscillations are responsible for
relaxation).
Woessner and Gutowsky have also proposed a more general
relation for the relaxation rate in solids with symmetric groups,
combining torsional motion as well as reorientation (about
preferred axes allowed by symmetry). In such a case, the
effective relaxation rate will have contributions from both torsional
oscillations and reorientation of the molecular groups and will have
the form
1
T1
= aTn + b exp
(
− Ea
RT
)
(4)
where n = 2 (due to torsional oscillations) and the exponential
term represents the contribution due to the reorientation of a
nearby symmetric molecular group, Ea being its activation energy
with a and b representing their respective weightages.
Zamar and Gonzalez[8] have developed a theory of nuclear
quadrupole spin lattice relaxation in molecular crystals. They
considered collective character of the molecular motions and
arrived at an expression for the quadrupolar relaxation rate as a
function of temperature, which is given by
1
T1
= k1T2 + k2T3 (5)
where the quadratic term contains contributions from both
anharmonic and first order Raman process.
Pressure dependence of NQR frequency
The effect of lattice vibrations on the average value of the electric
field gradient can be expressed as
q = q0
(
1 − 3
2
<θ2>
)
(6)
where <θ2> is the effective mean square amplitude of the
torsional oscillations about the axes of the EFG tensor; q0 is
the field gradient of the stationary lattice. From Eqn (6), we can
obtain
(
∂ ln q
∂P
)
T
≈
(
∂ ln q0
∂P
)
T
− 3
2
(
∂<θ2>
∂P
)
T
(7)
The first term in Eqn (7) is the ‘static term’ and represents the
effect of pressure on the static lattice (due to compression) in the
absence of all lattice vibrations. The second term, the ‘dynamic
term’, represents the effect of pressure on the amplitude of
torsional oscillation.
In molecular solids where the electric field gradient is primarily
intra-molecular in origin, the main contribution to the pressure
variation of the NQR frequency comes from changes in the
amplitudes of the torsional oscillations. As the amplitude decreases
with pressure, the pressure coefficient is negative. However, in view
of the negative sign in equation, the pressure coefficient of the
NQR frequency becomes positive. As the pressure is progressively
increased, the changes in the torsional amplitudes decrease so
that the static term becomes relatively more important and may
eventually overcome the dynamic contribution.
www.interscience.wiley.com/journal/mrc Copyright c© 2010 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2010, 48, 593–599
5
9
5
NQR frequency and spin lattice relaxation time in 2,3-dichloroanisole
Thermodynamic analysis of the NQR frequency data
The analysis is carried out using the observed temperature and
pressure derivatives of the NQR frequency and the constant
volume temperature derivative (∂ν/∂T)v . The following equation
involving the derivatives of the NQR frequency is used.
(
∂ν
∂T
)
v
=
(
∂ν
∂T
)
p
+ β
χ
(
∂ν
∂P
)
T
(8)
where β and χ are the thermal expansion coefficient and
isothermal compressibility, respectively. The ratio β/χ is varied
from 0 to 50 in steps of 10 and in each case, the constant volume
derivative (∂ν/∂T)v is calculated. Under the high temperature limit,
the temperature dependence of the NQR frequency is given by
(
∂ν
∂T
)
v
=
∑(3ν0k
4π2
)
1
Iif
2
i
(9)
where fi is the torsional frequency, ν0 is the NQR frequency at
0 K, Ii is the moment of inertia of the molecule and k is the
Boltzmann constant. Tables 1 and 2 give the parameters used
to calculate the torsional frequencies and torsional frequency at
different pressures.
The equation of state for the solid given by Kushida et al.[9] is
used to transform the NQR frequency versus pressure isotherms to
frequency versus volume isotherms. The equation of state is given
as
χ (T , V) = 1
V
(
∂V
∂P
)
=
(
V0
V
)
χ00[
1 − ζ
(
V − V0
V0
)] (10)
where V/V0 is the volume of the solid at any temperature and
pressure to its value at T = 0 and P = 0, ξ is a constant whose
Table 1. Parameters used in the calculation of torsional frequency in
2,3-dichloroanisole (lines I and II)
Parameter Line I Line II(
∂ν
∂T
)
P
−4.4092 kHz K−1 −3.5355 kHz K−1(
∂ν
∂P
)
T
0.03306 kHz bar−1 0.03105 kHz bar−1
ν0 35.9790 MHz 36.6871 MHz
Ix 829.803 × 10−40 g cm2 829.827 × 10−40 g cm2
Iy 505.182 × 10−40 g cm2 349.800 × 10−40 g cm2
Table 2. Torsional frequency obtained from the pressure depen-
dence of 35Cl NQR data for 2,3-dichloroanisole
Torsional frequency (cm−1)
Line I Line II
β
χ fx fy fx fy
0 34 43 38 59
10 35 45 40 61
20 37 46 42 64
30 38 49 44 69
40 40 52 47 73
50 43 54 51 78
value is about 7.63.[9] χ00 is the compressibility of the solid at T = 0
and P = 0, which was set equal to 14 × 10−6 kg−1 cm−2.
ξ
2
(
V
V0
)2
− (1 + ξ )
(
V
V0
)
−

χ00P − (1 + ξ ) exp
T∫
0
β(T)dT + ξ
2
exp 2
T∫
0
β(T)dT


= 0 (11)
Equation (11) is of the form
A
(
V
V0
)2
+ B
(
V
V0
)
+ C = 0 (12)
By knowing the values of χ00 and the cubical thermal expansion
coefficient taken as 324 × 10−6 K−1 at room temperature, the
equation of state can be solved to find V/V0 corresponding to
each pressure. Figure 6 shows the variation of NQR frequency with
V/V0.
Under high temperature approximation (hν << kT) the volume
and temperature dependence of the NQR frequency can be written
as
νT = a
(
V
V0
)n [
1 + b
(
V
V0
)−2γ
T
]
(13)
where n and γ represents the volume dependence of the static
and dynamic contributions to the NQR frequency, respectively.
Following the Woessner and Gutowsky theory, Jones et al.[10]
arrived at the following equation, using Bayer’s model as
developed by Woessner and Gutowsky.
d ln T1
dP
= − χ
βT
(
m + d ln T1
dT
)
(14)
where χ is the volume compressibility (given as χ = d ln V
dP
) is
negative and typically lies in the range of −2 to −3. β is the
coefficient of thermal expansion given by β =
(
d ln V
dT
)
. The
thermodynamical relationship predicts that T1 follows a T2 law if
torsional motions are responsible for the relaxation, resulting in a
small pressure dependence of T1.
Result and Discussion
In this study, two lines are observed throughout the temperature
and pressure range studied. A fourth order polynomial in
temperature has been used to fit the measured NQR frequency
versus temperature. The polynomial plot of the experimental data
yield ν0 = 35.979 MHz for line I and ν0 = 36.687 MHz for line II.
The continuous line shows the theoretical fit, whereas the dots
show the experimental points in Fig. 1.
Spin lattice relaxation timemeasurements
in 2,3-dichloroanisole
In this study, we have studied the temperature dependence of spin
lattice relaxation time in 2,3-dichloroanisole in the temperature
range from 77 K to room temperature. The relaxation rate with
temperature is plotted in Figs 2 and 3 for line I and line II,
respectively. T1 value is small (25.41 ms for line I and 11.54 ms
Magn. Reson. Chem. 2010, 48, 593–599 Copyright c© 2010 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/mrc
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Figure 1. Temperature dependence of 35Cl NQR frequency in 2,3-dichloroanisole.
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Figure 2. Temperature dependence of relaxation rate (T1−1) in 2,3-dichloroanisole (line I).
for line II) around room temperature and varies slowly up to 200 K.
Below 200 K, T1 varies rapidly and is about 510 ms for line I and
289.1 ms for line II at 77 K.
The relaxation data have been analyzed using Woessner and
Gutossky’s theory. The relaxation rate versus temperature data
were fitted to Eqns (3) and (4) by least square fit. The least square
fit of experimental data with Eqn (3) givesnvalue of more than 2 for
both the lines. This indicates that the reorientation of nonresonant
molecule in the sample contributes to the relaxation process
in addition to the torsional oscillations of the molecules. The
motional parameters obtained by least square fitting are given in
Figs 2 and 3.
The values of b and Ea are found to be 24 790.7 and 15.19 kJ/mol
for line II and 9220.1 and 15.19 kJ/mol for line I, respectively.
As CH3 group is close to the 2-chlorine in the molecule, it
will influence the relaxation rate of 2-chlorine by reorienting
itself with high activation energy, and it is also seen that the
reorientation of CH3 from the neighboring molecule strongly
influences the relaxation time of line I. Similar behavior has
also been observed in the study of temperature dependence of
bromine NQR in (TMA)2ZnBr4. Reorientation motion of CH3 groups
produce an illdefined EFG around Br at high temperature. At low
temperature, T1 is measurable, whereas at high temperature,
the signal vanishes.[11] The Ea values obtained in this study
compare quite well with the Ea values reported[12 – 14] for CH3
group reorientation estimated from NMR experiments in CH3Br
and CH3I compounds.
In this study, we have followed the procedure used by Dinesh
and Smith[15] to calculate the transition probabilities (W1,W2) for all
the low-torsional frequencies obtained from IR-spectra recorded
at room temperature (56, 95, 105 and 150 cm−1). Weber[16] has
carried out Zeeman NQR study on p-dichlorobenze and reported
that the values obtained for W2/W1 are higher at 77 K compared
to room temperature. The values obtained for W2/W1 in this study
agree well with the previously reported result of Ala Amjadiet al.[17]
It is seen that the choice of 56 cm−1 leads toW2/W1 values of 5.268
(line I) and 22.95 (line II) at 289 K and 88.15 (line I) and 298.1 (line
II) at 77 K. The corresponding values for other modes are much
larger. Hence, the torsional frequency 56 cm−1 was chosen for T1
analysis.
Using Brown’s[18] temperature dependence forωt, we calculated
A1 and A2 at each temperature. Equation (2) was solved using the
experimental T1 values to get τa at various temperatures. These τa
values were used to obtainW1 andW2 at various temperatures. The
values of τa,W1,W2 andW2/W1 are given in Tables 3 and 4 for line I
and line II, respectively. An attempt was made to fit the spin lattice
www.interscience.wiley.com/journal/mrc Copyright c© 2010 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2010, 48, 593–599
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Figure 3. Temperature dependence of relaxation rate (T1−1) in 2,3-dichloroanisole (line II).
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
34.98
35.01
35.04
35.07
35.10
35.13
35.16
Line-I
3-Chlorine 
Line-II
2-Chlorine
Pressure (kbar)
N
QR
 F
re
qu
en
cy
 (M
Hz
)
35.96
35.98
36.00
36.02
36.04
36.06
36.08
ν (P) = a0 +a1P+a2P2
Line-I
ν (P) = a0+a1P+a2P2
a0 = 35.07427 MHz
a1 = 0.02972 MHz kbar-1
a2 = -0.00279 MHz kbar-2
LineII
a0 = 36.00712 MHz
a1 = 0.02916 MHz kbar-1
a2 = -0.00346 MHz kbar-2
N
QR
 F
re
qu
en
cy
 (M
Hz
)
Experimental
Figure 4. Pressure dependence of NQR frequency in 2,3-dichloroanisole (lines I and II).
0.98 1.00 1.02 1.04 1.06 1.08 1.10
35.0
35.2
35.4
35.6
35.8
36.0
36.2
Line I
Line II
N
QR
 fr
eq
ue
nc
y (
MH
z)
V / V0
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Figure 6. Pressure dependence of spin lattice relaxation time of 2,3-dichloroanisole (lines I and II).
Table 3. Calculated values of τa, W1, W2 and W2/W1 at different
temperatures in 2,3-dichloroanisole (line I)
Temperature
(K)
ωt
(cm−1)
τa
(10−12 s) W1 W2 W2/W1
77 71.15 77.41 0.010 0.969 88.15
115 69.05 15.51 0.085 1.359 15.93
125 68.50 11.28 0.130 1.474 11.32
132 68.11 9.500 0.165 1.615 9.734
139 67.73 8.045 0.210 1.757 8.367
153 66.96 5.574 0.346 1.942 5.609
165 66.29 4.189 0.513 2.113 4.117
175 65.74 3.612 0.649 2.438 3.751
192 64.80 2.511 1.079 2.697 2.499
200 64.36 2.313 1.249 3.053 2.443
207 63.98 2.480 1.233 3.900 3.163
230 62.73 2.012 1.817 5.460 3.004
239 62.21 2.048 1.909 6.801 3.562
250 61.60 1.949 2.174 8.220 3.781
259 61.11 2.017 2.242 10.28 4.588
269 60.56 2.216 2.192 13.88 6.333
280 59.95 1.951 2.689 15.23 5.663
289 59.45 1.778 3.140 16.54 5.268
relaxation rate as a function of temperature to Eqn (5). We found
that anharmonic terms contribute more at higher temperature.
Pressure dependence of NQR frequency
2,3-Dichloroanisole shows two-resonance lines throughout the
pressure range studied. Both lines are of same intensity throughout
the pressure range studied. At atmospheric pressure and 300 K,
the NQR frequency is found to be 35.0748 and 36.0061 MHz
and the corresponding values at 5.1 kbar are 35.1515 and
36.0674 MHz, respectively. The NQR frequency increases as the
pressure increases up to 5.1 kbar in line I, where as in line II,
the frequency increases up to 3.47 kbar. Above this pressure, the
frequency remains almost same. The variation of NQR frequency
shows a nonlinear increase with pressure. The experimental data
are fit to a nonlinear equation (2nd order polynomial) in pressure.
The best-fit values are given in Fig. 4.
Table 4. Calculated values of τa, W1, W2 and W2/W1 at different
temperatures in 2,3-dichloroanisole (line II)
Temperature
(K)
ωt
(cm−1)
τa
(10−12 s) W1 W2 W2/W1
77 74.91 144.0 0.005 1.723 298.1
115 72.17 28.19 0.047 2.561 53.61
125 71.45 22.06 0.067 2.987 44.49
132 70.95 18.00 0.088 3.202 36.06
139 70.44 15.81 0.108 3.647 33.50
153 69.43 11.42 0.174 4.286 24.60
165 68.57 9.061 0.247 5.004 20.25
175 67.85 7.593 0.324 5.692 17.53
192 66.62 5.311 0.543 6.488 11.92
200 66.05 4.603 0.674 6.994 10.36
207 65.54 4.193 0.788 7.671 9.726
230 63.89 3.093 1.307 10.10 7.733
239 63.24 3.012 1.448 12.21 8.430
250 62.45 2.837 1.687 14.86 8.810
259 61.80 2.954 1.746 19.00 10.88
269 61.08 2.837 1.974 22.77 11.53
280 60.29 2.796 2.188 28.48 13.01
289 59.64 3.501 1.880 43.16 22.95
The parameter a2 is negative in both the lines, which indicates
that the NQR frequency may decrease if pressure is increased
further. It is also seen that for line II corresponding to chlorine-2
(close to the CH3 group in the benzene ring), the magnitude a2
is higher, suggesting that the static effects are predominant at
higher pressures compared to the dynamic effects.
The variation of NQR frequency with volume is fit to the Eqn (13)
(assuming a = ν0, calculated from the temperature dependence
of NQR frequency data). The values n, b and γ are found to be
−0.029, −0.00008/K and 1.704 (for line I) and −0.094, −0.00006/K
and 2.632 (for line II), respectively. The value of n gives the static
contribution and the value of γ gives the dynamic contribution to
the NQR frequency. Comparison of n values of lines I and II shows
that the static contribution is almost same for both the lines. From
Fig. 5, it can be seen that at lower pressure (higher volume) the
dynamic effects dominate and at the high pressure (lower volume)
static effects predominates. The values of n, b and γ obtained in
www.interscience.wiley.com/journal/mrc Copyright c© 2010 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2010, 48, 593–599
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this study are in good agreement with the reported values for
similar compounds.[4]
Pressure dependence of spin lattice relaxation time (T1)
In this study, we have studied the variation of T1 as a function
of pressure in the range from atmospheric pressure to 5.1 kbar
at room temperature. Figure 6 shows the plot of T1 values as a
function of pressure for both the lines. From Fig. 6, it is clear that
the variation of T1 with increase in pressure is moderate for both
the lines, indicating that torsional oscillations are responsible for
reorientation.
Conclusions
Experimental result on temperature dependence of spin lattice
relaxation shows that the reorientation of nonresonant molecule
in the sample contributes to the relaxation process in addition
to the torsional oscillations of the molecules. This study reveals
that contribution from torsional motions is dominant at lower
temperatures, whereas at high temperatures, the contribution
from torsional motion and reorientation of nonresonant molecule
are of comparable weightage.
2,3-Dichloroanisole shows two-resonance lines with same
intensity throughout the pressure range studied. Experimental
data show that the NQR frequency increases as the pressure
increases up to 5.1 kbar in line I, whereas in line II, the frequency
increases up to 3.47 kbar. Above this pressure, the frequency
remains almost same. The least square fit of experimental data
shows that the parameter a2 is negative in both the lines, which
indicates that the NQR frequency decreases if pressure is increased
further. It has been observed that the pressure coefficient linearly
decreases and at high pressures, the sign changes to negative.
This indicates that the static effects dominate at high pressure
compared to the dynamic effects. The variation of spin lattice
relaxation time shows a small increase with pressure in both the
lines.
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